Introduction
Due to the high level of automation and the process speed, laser beam welding (LBW) has been used by the general industry. Another advantage of LBW is the low heat input, which results in a small heat-affected zone and reduced distortion of the welded assemblies. Typically, the distortion of the metal sheet in keyhole welding is much smaller than in arc welding, even with high thickness sheets as those observed in the shipbuilding industry [1] .
It has been observed that conduction welds carried out using low laser beam intensities produces an effect of permanent deformation of the sheets. The phenomenon involved is usually called temperature gradient mechanism (TGM) [2] , which is shown schematically in Fig. 1 [3] . [3] .
laser beam over the metal sheet surface generates a steep thermal gradient between the surface exposed to the laser and the lower surface. At the beginning of the process, when the plate is being heated, the central part of the sheet near the laser beam moving line is "raised", leading to a bending in the direction opposite to the surface normal. This folding is limited by the appearance of the liquid, which does not offer more tensile force on the sheet. When the beam has passed through the solidification point on the sheet surface, two phenomena occur: (a) cooling contraction and (b) compressive shrinkage forces. The end result is a V-shaped bend with a thin line mark on the surface of the sheets [4] .
The process is relevant for ductile materials like steels [5] , aluminum [6] and titanium [6] and is proven to be feasible on a laboratory scale for the forming of composite laminates such as glass-fiber aluminum [7] .
A particularly interesting feature of the laser forming process is the possibility to combine it with conventional laser welding. For example, an aircraft panel can be formed at a given angle by the small residual heat of the welding process, directly producing the necessary curvature [8] . Alternatively, one can use a defocused laser beam to produce the required curvature, after the welding process [9] .
Watkins et al. [6] found that the bending angle of an AA2024 aluminum sheet with 0.8 mm thickness was between 0.3 • and 6 • per scan using a CO 2 laser. The authors used a laser power ranging from 250 to 1300 W and a speed between 10 and 140 mm/s for a beam diameter of 10 mm, and applied graphite to the surface of the aluminum to increase the absorptivity. The authors also noted the possibility of increasing the bending angle by increasing the number of the laser runs over the same track. Edwardson et al. [10] showed that increasing the number of runs to increase the angle reaches limit efficiency due to the loss of the absorber layer, the local deformation hardening, and loss of the initial geometry of the part, blocking the action of the laser.
The modeling of laser forming process is quite complex, having been initially performed by the finite element method by Ji and Wu [11] . Vollertsen and Shen [12] conducted a review of the laser beam forming from the point of view of analytical and numerical methods and empirical observations. The use of modern computational tools, such as the finite element analysis software Sysweld ® [13] , allows estimating the temperatures, stresses and deformations that the material undergoes during the LBF process. This software was used in this work.
The purpose of this work is to study the laser beam forming process using a laser fiber without the need for an absorbing layer. This laser allows joint welding operations and forming of the welded panels such as those used in a commercial aircraft. Thus, the step of forming the panels before welding, which causes problems in setup and delay the work of welding robots, could be eliminated. The choice of an Al-Mg-Mn-Si-Cu-Fe alloy, AA6013 under T4 condition, reflects the future demands of aerospace and general transportation sectors. Finally, the usefulness of the technique was tested by using LBF to straighten a T-joint laser welded panel.
Materials and methods
The material used was a grade AA6013 alloy (Al-0.94Mg-0.27Mn-0.62Si-0.82Cu-0.20Fe, wt.%) aged at ambient temperature (T4) in the form of sheets with 1.6 mm thickness. The coupons dimensions were 100 mm (L) × 50 mm (W). Firstly, the samples were used as flat sheets and then T-joint laser welds were performed to test the efficiency of the process. Some selected thermal and mechanical properties of the aluminum sheet are summarized in Table 1 [13] . In the table, K is the thermal conductivity, Cp is the specific heat, ˛ is the thermal expansion coefficient, E is the Young's modulus and y is the yield strength. The number between parentheses refers to the T4 aluminum condition (1) and the as-welded (2) condition. LS means liquid state, where mechanical strength does not apply -N/A. The laser was an Yb-fiber laser, model YLR-2000 of IPG Photonics, with maximum power of 2 kW. The minimum beam diameter was 0.1 mm, which corresponds to the diameter of the optical fiber itself. The material displacement was performed by a three-axis CNC table, and a vertical Z axis focused Table 1 -Thermal and mechanical properties of the aluminum sheet. the laser beam on the material surface. For the experiments, the laser head was positioned 5 mm above the focal plane, resulting in an effective focal diameter of 0.6 mm on the sheet surface. The laser power was varied from 200 to 1000 W, and the scan speed varied between 3 and 30 mm/s. The laser made a track through the full width of the sheet (50 mm) and the middle of the length. In the current setup, the laser tracks were always perpendicular to the sheet rolling direction. One side of the sample was firmly attached to a bench and the other was free to bend. The schematic experimental setup is shown in Fig. 2 [14] . The microstructural analyses were performed by optical microscopy and the Vickers hardness test. Analyses by optical microscopy were performed on the cross section of the sheets, which were polished and etched with Keller's solution (2% HF, 10% HNO 3 and 88% H 2 O) for 5 s. The Vickers hardness test was performed with a load of 50 gf applied for 9 s.
The bending angle was experimentally obtained by measuring the height at the end of the sample with the use of a dedicated dial gauge. The dial was zeroed at the untreated sample surface and it was tightly fixed to a granite table.
The experimental data were compared with those obtained by the simulation software Sysweld ® . The physical data were obtained from the AA6013 aluminum alloy Sysweld ® database. The simulated sheet dimensions were the same as those of the real sheet, with a track of the laser treatment in the middle. The radiation losses followed the Stefan-Boltzmann Law for gray bodies, where the emissivity was 0. Tables   Lens   Fig. 2 -A schematic LBF process applied in the present study [14] .
for energy input followed Goldak et al. theory [15] . The finite element analysis software calculated thermo-metallurgical data firstly (temperatures and phases) and then calculated the mechanical data (strain, stresses and deformations). All physical properties were temperature dependent, as shown in Table 1 . Interpolation applies in the case of a missed temperature-dependent parameter was needed. The simulated speed and laser power are also the same as those used in the experiments. The laser absorptivity was set to 30%, since this value approximates the actual measurements of the laser marks. For each condition, the maximum temperature both at the upper and lower surface of the sheet, the residual stress on the lower surface of the sheet and the final bending angle were estimated. After the flat sheet studies, T-joint welds were performed. The welding process was carried out without filler metal (autogenous), with a single pass from one side. Aluminum stringers of 100 mm length by 20 mm width were welded in a T-joint geometry to the skin sheets measuring 100 mm by 100 mm. The weld was made in the same laser system, but on the CNC table a special tool was used to ensure the perpendicularity of the parts, as shown in Fig. 3a . The welding parameters were: laser power 1.5 kW, welding angle 12.5 • , welding speed 6 m/min and helium as process gas with a flow rate of 20 l/min. Fig. 3b shows an image of a T-joint sample just after welding [16] . LBF was performed on the bottom surface of the skin (Fig. 3b) , exactly over the joint line.
3.
Results and discussion a remelted track as shown in Fig. 4 . The remelted track is more visible at conditions A, B, C and F and is harder to see in conditions D and E. In the case of conditions G to I, there was no visible change in the surface exposed to the beam, and therefore they are not illustrated in Fig. 4 . Regardless of the conditions, there is no obvious difference in the hardness levels in the laser processed volumes. The hardness were between 100 and 160 HV in all analyzed regions: base material, heat affected zones, fusion zones and plastically deformed zones. Table 1 . hardness for condition A, as a function of the distance from the center of the fusion zone. The upper surface corresponds to where the laser was focused. In the range where fusion was observed, up to about 0.7 mm with condition A, as seen in Fig. 6 , a small variation in hardness can be noticed, which lies slightly above the base material (HV 100).
Sheet forming
The depth of interaction must be left sufficiently low not to affect the metallurgical structure of the sheet exposed to the external environment part (skin). As can be seen in Fig. 4 , the depths of the remelted layer were 0.3, 0.5, 0.6 and 0.4 mm for conditions A, B, C and D, respectively. This equals to up to 38% of the sheet thickness. This value is low enough to be removed by the machining during crenellation of the panel. However, in any case, the C condition must be discarded since it had porosities in the bead.
The fact that there were no changes in hardness before and after laser forming implies that one can expect no significant changes in the static mechanical behavior of the panel after the process. However, this result is not sufficient to prove the usefulness of this technology, since the panel is subject to several factors, such as structural fatigue and corrosion.
Since the actual dimensions were very small, it was not possible to measure the process temperatures during LBF. The results obtained with the software Sysweld were: T top -the maximum temperature at the top in the center of the sheet, T ver -the maximum temperature in the verso of the sheet, TRthe residual stress in the back of the sheet and the ˛b -the final bending angle. Fig. 7 shows the evolution of the temperatures for different speeds and laser powers. The horizontal dotted line is the liquidus temperature of the alloy in question, showing that fusion occurs at the surface of the samples processed at 1000 W, and those processed at 500 W and 3-10 mm/s. In the back of the sheet, the temperatures were always below the melting point. Fig. 8 shows the calculated residual stress obtained on the back of the sheet. The value of residual stress varies between 0 and 100 MPa, depending on the conditions, and tended to increase with increasing laser power. The higher values of residual stress are the conditions in which the material was remelted (Fig. 4) , indicating the strong effect of shrinkage during solidification. Because of the thin laser track and the bending of the sheet, it was not possible to evaluate the residual tension by analytical methods, such as X-ray diffraction.
It could be noted that Figs. 8 and 5 are connected, since the force for bending comes from the residual strain. Both curves presented marked increases in the bending angle and the residual stresses when the laser power increased. Also, both curves presents a limit for the bending angles (600 W; 30 mm/s) and for the residual stresses (1000 W; 20 mm/s) indicating some related phenomenon. When liquid appears, the tensile residual stresses were relaxed and the bending attains its limiting value. Since the tensile residual stresses were measured on the back side of the sample (positive bending), the surface was not remelted and the maximum stress attained 110 MPa (Fig. 8) .
The bending angles calculated for each condition can be seen in Fig. 9 . The simulated bending angle, as a function of V and P, points to a similar trend as the one observed in the experiments. However, the value of the theoretical angles is approximately half of those obtained experimentally. This may reflect the clamping conditions of the sheets during the process. In the simulation, the sheets are free to move, whereas in the experiments the sheets need to be fixed on one side to maintain the alignment of the laser treatment.
T-joints
Laser welded T-joints were carried out using the AA6013-T4 sheets as presented in Fig. 10 . Fig. 10a shows the coupon after being sectioned from a larger panel and. Fig. 10b presents a micrograph of the welded region together with the LBF application region.
Following the same methodology of the flat sheet experiments, Condition A was applied to the verso of the welded coupons (Fig. 10) . Differently from the former experiments, one, two or three runs were applied at the same location. Fig. 11 presents the as-weld bend angle and the resulting angle after a number of LBF runs. As can be seen, the efficiency of LBF was quite variable depending on the real as-weld conditions and the number of runs. As a general trend, one could estimate the overall efficiency around 80%, although, for some conditions, the initial bending was reduced to zero. Additionally, the efficiency of LBF seems to be independent of the number of runs.
The potential use of the technique for the welding engineering seems to be very large, since aluminum welded structures are found anywhere from ordinary windows to airplanes. As proposed here, the laser beam forming is a step after laser welding and thus only applies to the high production rate, medium cost manufacturing. The limitations of the technique belong mainly to the access at the rear part of the T-joined panels and due the laser mark. The Condition A (Fig. 4) produces a small remelted zone, the laser mark, which could eventually change the mechanical and corrosion behavior of the panel. This fact must be taken into account for some application such as aerospace structures. The use of low power conditions, avoiding fusion (Conditions E to I, Table 2 ), could be a possible solution to undesired metallurgical problems. However, on the other hand, the unbending efficiency (Fig. 9) will be greatly reduced.
Conclusions
Non-contact sheet forming using a laser for a 1.6 mm thick AA6013-T4 was proposed. A high power fiber laser can provide sufficient intensities both for welding and forming operations without the need of additional equipment. Within the range of experimental parameters used, specimens with and without melting were obtained. The coupons that presented the highest bending angles were those where there was melting, which never exceeded 38% of the sheet thickness. A folding angle of 2.5 • was obtained from a power of 1000 W and a speed of 30 mm/s. The simulation results allowed to estimate the temperatures, residual stresses and bending angles fairly accurately, but the model must be refined to take into account the actual experimental conditions. Considering the application of technology in shaping aircraft panels of the skin-to-stringer type, it was shown that the process is fully applicable to a real case. The efficiencies in unbending were around 80%, for one to three laser runs. In some cases, it is possible to straighten the entire welded panel.
